Moisture adsorption characteristics of California grown almonds (Nonpareil: pasteurized and unpasteurized almonds; Monterey: pasteurized, unpasteurized and blanched almonds) were obtained using the gravimetric method over a range of water activities from 0.11 to 0.98 at 7-50 o C. The weights of almonds were measured until samples reached a constant weight. The relationship between equilibrium moisture content and water activity was established using the Guggenheim-Anderson-de Boer model. The diffusion coefficient of water in almond kernels was calculated based on Ficks second law. The monolayer moisture value of almonds ranged from 0.020 to 0.035 kg water/kg solids. The diffusion coefficient increased with temperature at a constant water activity, and decreased with water activity at a constant temperature. The thermodynamic properties (net isosteric heat, differential enthalpy and entropy) were also determined. The net isosteric heat of adsorption decreased with the increasing moisture content, and the plot of differential enthalpy versus entropy satisfied the enthalpy-entropy compensation theory. The adsorption process of almond samples was enthalpy driven over the range of studied moisture contents.
Introduction
Almonds are often used for snacks and as an ingredient in various food products: cereal bars, pastries, cookies, cakes and desserts. Consumer demand for almond-based products has rapidly grown in recent years. There are approximately 6,000 almond growers in California, supplying 80% of the global production and 100% of the domestic production (California Almond board, 2011). There are more than twenty five major almond varieties grown in California. The Nonpareil variety with light brown colour is the most grown commercial variety with the widest range of use. The Monterey variety is primarily used in processing and blanching; it has a longer narrow shape and more deeply wrinkled surface compared to the Nonpareil variety (California Almond board, 2012) . The harvest of almonds usually starts from late August and lasts until late September (Perry & Sibbett, 1998) . Almonds with high moisture contents may spoil due to oxidative and biological reactions, reducing the shelf life of almonds; therefore, they need to be dried to prevent mould growth after harvest. During storage of dry almonds in a humid environment, water molecules transfer from the surrounding vapour phase onto the almond surface, and then diffuse into almond kernels until an equilibrium condition is reached. Moisture sorption isotherms describe the relationship between the equilibrium moisture content of food products and the surrounding relative humidity (RH), and it provides critical information to optimize drying, storage, shipping and processing conditions. The moisture equilibrium process depends on many factors including temperature, RH, pressure and the composition of material (García-Pérez, Cárcel, Clemente, & Mulet, 2008) . Many mathematical models such as BrunauerEmmettTeller (BET), GuggenheimAnderson-de Boer model (GAB), Oswin, and Halsey (Wani, Sogi, Shivhare, Ahmed, & Kaur, 2006) have been fitted into the sorption isotherm data to explain the behavior of food products as the effects of water activity (a w ), moisture content of samples, and temperature. Among all the isotherm models, the GAB model has been more widely used to fit the sorption data of major food products over a wide range of a w (Prothon & Ahrné, 2004) , and it has been adopted as one of the standard equations to describe the sorption isotherms of plant-based agricultural products by the American Society of Agricultural Engineers (ASAE, 1999) . The moisture sorption of nuts such as chestnuts (Vazquez, Chenlo, & Moreira, 2001) , sheanut kernels (Kapseu et al., 2006) , and almond nuts (Pahlevanzadeh & Yazdani, 2005; Taitano, Singh, Lee, & Kong, 2011; Shands, Lam, & Labuza, 2010) , has been successfully fitted to the GAB model. Water vapor adsorption rate varies depending on the physical and chemical properties of samples, ambient temperature and RH. Many studies have been done on the rate and amount of mass transfer. The effective diffusion coefficient value (D ef f ) is an important property of food materials, which can be obtained by various methods (Lomauro, Bakshi, & Labuza, 1985) . Ficks second law of diffusion has been widely used to predict the D ef f in unsteady state of diffusion, and the sample can be assumed as an infinite slab, cylinder or sphere to get the solution of unsteady state diffusion equation (Crank, 1975) . In a previous study, the D ef f of water in almond kernels was determined based on the Ficks diffusion equation by assuming the geometry of a parallelepiped dimensions (Ruiz-Beviá, Fernández-Sempere, Gómez-Siurana, & Torregrosa-Fuerte, 1999) . Thermodynamic properties of foods can be used to study the water-solid interaction, energy requirements, heat and mass transfer in biological system. Moisture sorption isotherm can be applied to calculate the thermodynamic functions including the isosteric heat of sorption, free energy, enthalpy and entropy (Kaya & Kahyaoglu, 2007) . The isosteric heat of sorption (q st ), or differential enthalpy (∆H), indicates the binding strength of water adsorbed by the solid particles, and it can be used to estimate the energy requirements of a dehydration process. The Clausius-Clapeyron equation can be used to determine the isosteric heat of sorption. The differential entropy (∆S) is calculated from the Gibbs-Helmholtz equation, and is associated with the forces of attraction or repulsion of water molecules to food material (Duarte Goneli, Corrêa, Horta de Oliveira, Gomes, & Botelho, 2010) . The free energy change (∆G ) value indicates the sorbents affinity for water, provid-ing a criterion to determine whether water sorption is a spontaneous process (Avramidis & Vancouver, 1992; Goula, Karapantsios, Achilias, & Adamopoulos, 2008) . The enthalpy-entropy compensation theory is frequently used to describe different physical and chemical processes, and to investigate the water sorption phenomena of food materials (Sharma, Singh, Singh, Patel, & Patil, 2009) . Although moisture sorption of almonds has been studied by few investigators (Pahlevanzadeh & Yazdani, 2005; Taitano et al., 2011; Shands et al., 2010) , there is limited information about the moisture sorption in pasteurized, unpasteurized and blanched varieties of almonds grown in California, and used around the world by food processors. In addition, the diffusion property is temperature dependent, so it is also necessary to investigate diffusion properties of almonds at different temperatures. The objectives of this study were to assess the equilibrium moisture isotherms of almonds (pasteurized, unpasteurized, and blanched) at a wide range of temperatures. The thermodynamic properties were evaluated from the adsorption isotherm data.
Experimental

Materials
California grown almonds (Nonpareil: pasteurized and unpasteurized almonds, Monterey: pasteurized, unpasteurized and blanched almonds) were obtained from the Almond Board of California (Modesto, CA., U.S.A.). Table 2 shows the weight and dimension of almond samples. The initial moisture content of almond samples varied from 4.7 to 6.7%. Almond samples were dried to a moisture content of 2.3-3.5% by placing them in desiccators over anhydrous calcium sulphate at 22 o C for 15 days.
Water sorption isotherm
The equilibrium moisture contents (EMC) of almonds were obtained by using static gravimetric methods at 7, 25, 35 and 50 o C. Approximately 20 g of almond kernels were placed in each plastic jar (500 mL) containing saturated salt solutions (LiCl, CH 3 COOK, MgCl 2 , K 2 CO 3 , Mg(NO 3 ) 2 , NaNO 2 , NaCl, KCl and K 2 SO 4 ) to maintain relative humidity ranging from 11 to 98% (Greenspan, 1977) . Crystalline thymol was placed into containers with RH over 70% to prevent mould growth (Menkov, 2000) . The weights of almonds were periodically measured in duplicate until the variation of three consecutive weight measurements was less than 0.001 g. The moisture content was measured in triplicate by drying about 2 g of ground almonds to a constant weight at 95-100 o C under pressure 100 mmHg (13.3 kPa) for 5 hours in a vacuum oven (AOAC, 1990) .
Modelling sorption isotherms
The GAB model was used to describe the relationship between equilibrium moisture content (EMC) and a w as follows (García-Pérez et al., 2008; Kapseu et al., 2006 )
Where M, m, and a w represent the equilibrium moisture content (kg water/kg solids), monolayer moisture content (kg water/kg solids), and water activity of almonds, respectively; C and K are constants related to the sorption heat of the first layer and multilayer, respectively. The three parameters (C, K and m) in the GAB equation can be correlated with temperature by using Arrhenius type equations as follows (Taitano et al., 2011; Maroulis, Tsami, & Marinos-kouris, 1988) :
Where, m 0 , C 0 , K 0 are the adjusted constants for temperature; q m , h 1 and h 2 are the coefficients related to heat of adsorption as a function of temperature; T is the absolute temperature in K; R is the universal gas constant, 8.314 J/(mol·K). 
Diffusion coefficient (D ef f ) of water in almonds
In this study, isotropic conditions were assumed, and the D ef f was determined by using the equation of a parallelepiped as follows (Ruiz-Beviá et al., 1999) :
Where, a, b, c equal half distance of dimension (length, width, height) of almonds (meter); m is the moisture content (dry basis, kg water/kg solids) of almond at time t (hour); m 0 is the initial moisture content of almond (dry basis, kg water/kg solids); m e is the equilibrium moisture content of almond (dry basis, kg water/kg solids). Activation energy (E a ) was determined by an Arrhenius-type Eq. 6:
Where, D 0 is a constant; E a is the activation energy (J/mol); R is the universal gas constant, 8.314 J/(mol.K); T is the absolute temperature (K).
Thermodynamic properties of adsorption
The net isosteric heat of adsorption (q st ) was determined by using the Clausius-Clapeyron equation (Rizvi, 1986) .
Where a w is water activity; q st is the net isosteric heat of sorption or differential enthalpy in J/mol; R is the universal gas constant, 8.314 J/(mol·K); T is the absolute temperature in K.
The change in the enthalpy of sorption (∆H) and entropy (∆S) were calculated by plotting lna w against 1/T for specific moisture contents of almonds, and then determining from the slope −∆H/R and intercept ∆S/R , respectively (Goula et al., 2008; Rizvi, 1986) .
Where ∆S is the change in entropy, J/(mol·K); ∆H is the change in enthalpy, J/mol; R is the universal gas constant, 8.314 J/(mol·K); T is the absolute temperature in K. A linear relationship between enthalpy (∆H) and entropy (∆S) for water sorption has been reported in some starchy and sugar-rich foods, such as rice, corn, potatoes, and nuts (Taitano et al., 2011; Aguerre, Suarez, & Viollaz, 1986; Beristain, Garcia, & Azuara, 1996) .
Where, T B is the isokinetic temperature, at which all the reactions inherent to the sorption phenomenon occur at the same rate; ∆G B is the free energy at the isokinetic temperature. The harmonic mean temperature, T hm , was used to compare with the isokinetic temperature to confirm the existence of compensation. If T B > T hm , the process is enthalpy controlled; otherwise, the process is considered to be entropy controlled (Leffler, 1955) .
Where T hm is the harmonic mean temperature in K; n is the number of isotherms.
Statistical analysis
A non-linear regression analysis was used to estimate the parameters in the GAB equation based on the duplicate moisture adsorption data. The goodness of fit of the model was determined from the mean relative percentage deviation modulus (Ē %), standard error of estimate (SEE), coefficients of determination (R 2 ) and residual plots (Chen & Morey, 1988; Peng, Chen, Wu, & Jiang, 2007; Taitano et al., 2011) .
Results and Discussion
Moisture adsorption of almonds
The experimental results of moisture adsorption under different temperatures and water activities are presented in Fig. 1 . The adsorption curves obtained were type II sigmoid shaped isotherms. At low and intermediate a w (0.1-0.5), the EMC increased linearly; the EMC increased exponentially at a w > 0.6. The EMC of almonds increased with a w at a constant temperature; on the other hand, the EMC decreased with temperature at a constant a w . When the temperature increased, almonds became less hygroscopic since the number of active sites for water binding was reduced as an effect of temperature (Pahlevanzadeh & Yazdani, 2005) . Similar results have been reported in other studies (Taitano et al., 2011; Lahsasni, Kouhila, Mahrouz, & Fliyou, 2003) . The GAB model was fitted into the experimental data shown in Fig. 1 . The coefficients of the GAB model for Nonpareil and Monterey almonds are given in Table 3 . The model shows a high goodness of fit to the experimental data with a high coefficient R 2 (> 0.986) close to 1, lowĒ % (< 6.39) and SEE (< 0.008). Therefore, the GAB model adequately described the experimental moisture adsorption data of the selected almonds. The estimated monolayer moisture content (m) values, corresponding to the monomolecular layer, were higher at lower temperature and within a range from 0.020 to 0.035 kg water/kg solid. The lower monolayer moisture content (m) values at higher temperature are due to a reduction in the total number of active sites for water molecule binding (Iglesias & Chirife, 1976) . The EMC was close to the monolayer moisture content (m) values at a w around 0.32 (Fig. 1) . The monolayer moisture content can be considered as the optimal moisture content for storage of almonds. The rate of any associated reaction is negligible at the monolayer moisture content because water molecules are bound with carboxyl groups or amino groups through ionic bonds, and they cannot be used as a reactant. The estimated monolayer moisture content values of Monterey and Nonpareil varieties ranged from 0.022 to 0.035 kg water/kg solid, and 0.020 to 0.029 kg water/kg solid, respectively. These results are comparable to the studies of five commercially processed almonds varieties stored at a w 0.05 to 0.75 at two temperatures (25 and 35 o C) (Shands et al., 2010) . In the GAB model, the constant C indicates the sorption heat of the first layer, and the K value represents the sorption heat of the multilayer. According to previous research (Blahovec, 2004) , K is within a range from 0 to 1, whereas C is higher than 0. The GAB equation gives a sigmoidal shaped curve as C is larger than 2; otherwise, the isotherm is of type III as 0 < C < 2 (Blahovec & Yanniotis, 2008) . In Table 3, the value of constant C decreased gradually with temperature, while K increased slightly. The value of C is larger than 2; therefore, the moisture isotherm of almonds is of the type II food isotherm, as seen from moisture adsorption curves of almonds. The K value of Monterey and Nonpareil almond varieties ranged from 0.85 to 0.93 (95% confidence interval: 0.83 to 0.94), and from 0.88 to 0.96 (95% confidence interval: 0.86 to 0.97), respectively. All the K values were less than 1, which agrees with the behaviour of other food products (Chen & Morey, 1988; Peng et al., 2007) .
The three parameters, m, C, and K of the GAB equation depend on temperature by Arrhenius-type equations Eqs. 2, 3, and 4, and the coefficient values are given in Table 4 . The coefficient of determination, R 2 value of Eq. 2, is within a range from 0.91 to 0.99, indicating a goodness of fit; the R 2 value of Eq. 3 is from 0.74 to 0.99; the R 2 value of Eq. 4 is from 0.67 to 0.91. The closer R 2 is to 0, the less correlation there is between variables. Therefore, the value of K has less correlation with temperature, compared to the constant C and m. The 95% confidence intervals were calculated (Table 4 ). The value of h 1 shows the difference in enthalpy between monolayer and multilayer of sorption, and the value of h 2 indicates the difference between the heat of condensation of water and the sorption heat of the multilayer. The h 1 values of almonds were positive, indicating a strong exothermic interaction of water-vapour with the primary sorption sites of food (Samaniego-Esguerra, Boag, & Robertson, 1991; Moreira, Chenlo, Torres, & Vallejo, 2008) . For the unpasteurized almonds, the h 1 values were smaller than those of the pasteurized and blanched almonds, indicating the unpasteurized almonds have stronger exothermic interaction of water vapour with primary adsorption sites. The h 2 values were all negative and within a range from -1.47 to -0.84, which indicate that the heat of sorption of the multilayer was greater than the heat of condensation of water. The h 2 value is in a similar range with the published values for green beans (-0.45 kJ/mol) (Samaniego-Esguerra et al., 1991). Unpasteurized almonds of different varieties have the same value of h 2 (-1.47 kJ/mol), which is larger than that of pasteurized and blanched almonds, demonstrating the effect of heating due to pasteurization and blanching on water binding properties.
Diffusion of water in almonds
The water adsorption curves of Monterey unpasteurized almonds are shown in Fig. 2 . The solid lines do not represent any model, and they are presented to help the reader to follow the tendencies of moisture adsorption of almonds under dif- ferent storage conditions. It took a shorter time to reach the equilibrium condition as the temperature increased. When the increasing moisture content reached a plateau stage, samples reached equilibrium. However, samples did not reach an equilibrium condition within the storage period when the water activity level was above 0.97 due to the growth of mould. The rate of moisture adsorption was more rapid in the initial stage and became slow as sample approached an equilibrium condition. The initial high rate of moisture adsorption is attributed to the capillaries on the surface of the almonds (Hsu, Kim, & Wilson, 1983) . The free capillaries gradually fill with water during storage; as the amount of free capillaries decreases, the adsorption rate decreases. Eventually, sample reaches an equilibrium point where all the free capillaries are occupied by water molecules. Similar trends were observed in the kinetic study of water uptake in other food products (Crank, 1975; Johnson & Brennan, 2000; Alakali, Ariahu, & Kucha, 2009 ).
The effective diffusion coefficient (D ef f ) was calculated from Eq. 5 based on Ficks second law of diffusion as shown in (Ruiz-Beviá et al., 1999) .
In addition, the diffusion coefficients (D ef f ) of almonds vary with temperature, and the Arrhenius relation (Eq. 6) can be used to describe the kinetic model of diffusion phenomena under different temperatures. When (lnD ef f ) is plot- Table 4 : Estimated parameters of GAB model corresponding to the influence of temperature. ted against the reciprocal absolute temperature, 1/T, a straight line is obtained with a slope of −E a /R (Taoukis, Labuza, & Saguy, 1996) . Fig.  3 shows the Arrhenius plots of diffusion coefficient (D ef f ) for Nonpareil variety with higher R 2 ranging from 0.940 to 0.998, which indicates that the temperature dependence of D ef f can be properly described by the Arrhenius model. Generally, the values of activation energy (E a ) for almonds varied with equilibrium relative humidity (ERH, %) as presented in Table 6 . The lower the diffusion rate, the lower is the E a . At lower water activities, the attraction between water-vapour and the primary sorption sites of almonds was expected to be stronger than that at higher water activity (Samaniego-Esguerra et al., 1991) . All almond samples had higher E a at the ERH range of 40.9-43.1% than that under higher ERH. Since the D ef f decreases with ERH; correspondingly, the E a also decreases with ERH. The difference in E a between Nonpareil unpasteurized and pasteurized almonds is less than that of Monterey variety. As ERH increased from 40 to 98%, the E a values of Nonpareil decreased from 52.19 to 30.75 kJ/mol. The E a values of Monterey unpasteurized almonds, within a range of 30.27-50.60 kJ/mol, were larger than those of pasteurized and blanched almonds within a range of 29.56-42.84 kJ/mol except at a w > 0.95.
The difference in D ef f values of Nonpareil pasteurized and unpasteurized almonds was less than that of Monterey pasteurized and unpasteurized; therefore, the difference in E a values for Nonpareil variety was less than that for Monterey variety. In this study, the size of the Nonpareil variety was smaller than that of the Monterey variety (Table 2 ). The D ef f values of Nonpareil pasteurized almonds was higher than those for Monterey pasteurized almonds at a w < 0.75; therefore, there are larger differences in the E a between Nonpareil pasteurized and Monterey pasteurized almonds for a w < 0.75. The D ef f of Monterey unpasteurized almonds was higher than that of Monterey pasteurized and blanched almonds. The E a of blanched almonds was lower than that of other samples at a w < 0.66. Furthermore, the variation of D 0 with E a followed an exponential relationship for all samples with R 2 range of 0.978-0.999 as shown in Table 7 . 
Thermodynamic properties
The net isosteric heat (q st ) of adsorption at specific moisture contents was determined from Eq. 7 by plotting ln(a w ) against 1/T , as shown in Fig. 4 . The net isosteric heat (q st ) of adsorption decreased as the moisture constant of almonds increased (Fig. 5) . Available water binding sites reduced as the moisture content increased, resulting in lower q st values (Moreira et al., 2008) . The unpasteurized almonds had a lower net isosteric heat of adsorption value than those of pasteurized and blanched almonds under moisture content < 0.030 kg water/kg solid. As moisture content increased, the q st of almonds decreased and approached zero. The thermodynamic parameters, including the differential enthalpy (∆H), differential entropy (∆S), and free energy (∆G) of water adsorption by almonds were determined by using Eq. Fig. 6 , which satisfies the theory of enthalpy-entropy compensation. According to Eq. 9, the isokinetic temperatures (T B ) of adsorption were calculated from the slopes and ranged from 340.99 to 373.77 K, covering the moisture contents range from 0.025 to 0.050 kg H 2 O/kg solid. T B of unpasteurized almonds was larger than those of pasteurized and blanched almonds. The harmonic mean temperature (T hm ) obtained from Eq. 10 was 301.585 K, which is significantly lower than the T B of all almond samples. Therefore, the mechanism of the adsorption process can be characterized as enthalpy driven (T B > T hm ) in all cases. 
Conclusion
The EMC of almond samples increased with a w , and D ef f decreased with a w at a constant temperature; therefore, it took longer time for almonds to reach equilibrium condition at higher a w . On the other hand, the EMC decreased with the temperature, and D ef f increased with temperature at a constant a w ; thus high temperature accelerated almonds to reach equilibrium condition. The GAB model can appropriately fit the sorption isotherm of almonds. The estimated monolayer moisture contents of all samples ranged from 0.020 to 0.035 kg H 2 O /kg solid at the studied temperatures and a w . The EMC can be predicted by using the GAB model under different RH and temperatures. Blanched almonds are less hygroscopic than the unpasteurized almonds, whereas the differences between pasteurized and unpasteurized almonds are relatively less than the difference between blanched and unpasteurized almonds. The unpasteurized almonds had a lower q st of adsorption value than that of pasteurized and blanched almonds under the monolayer moisture contents. These differences can be attributed to the effects of processing on possibly modifying the degree of molecule organization. Both moisture adsorption data and D ef f of water in almonds can provide the almond industry valuable information to control processing and storage conditions. In addition, it can also be applied to calculate moisture contents of almonds during storage, and thus predict shelflife of almonds by collaborating moisture content with other properties of almonds, to effectively control the quality of almonds.
